Taking N-body simulations with volumes and particle densities tuned to match the SDSS DR7 spectroscopic main sample, we asses the ability of current void catalogs (e.g., Sutter et al. 2012b) to distinguish a model of coupled dark matter-dark energy from ΛCDM cosmology using properties of cosmic voids. Identifying voids with the VIDE toolkit, we find no statistically significant differences in the ellipticities, but find that coupling produces a population of significantly larger voids, possibly explaining the recent result of Tavasoli et al. (2013) . In addition, we use the universal density profile of Hamaus et al. (2014) to quantify the relationship between coupling and density profile shape, finding that the coupling leads to deeper underdensities for medium-scale voids and broader, shallower, undercompensated profiles for large voids. We find that these differences are potentially measurable with existing void catalogs once effects from survey geometries and peculiar velocities are taken into account.
INTRODUCTION
Even though a variety of cosmological tests demonstrate that the inflation plus cold dark matter (ΛCDM) paradigm is extremely successful in describing the history and structure of the Universe (e.g., Reid et al. 2012; Planck Collaboration 2013) , there are still several features of the large-scale distribution of matter that are difficult to explain. One is the so-called "void phenomenon", first noticed by Peebles (2001) , in which cosmic voids -the deep underdensities in the galaxy distribution -appear emptier than expected from N -body simulations.
The observation of this phenomenon motivated the development of models in which a dynamical scalar field responsible for dark energy (DE; ) is coupled to the dark matter (DM), giving an additional fifth force of nature that would help empty out the voids (Nusser et al. 2005) . Other possibilities to explain the void phenomenon have since been proposed, including modified gravity (e.g., Li & Zhao 2009; Clampitt Email: sutter@iap.fr Spolyar et al. 2013 ) and an improved understanding of the relationship between galaxy formation and environment (Tinker & Conroy 2009; Kreckel et al. 2011 ).
Most analyses of coupled DM-DE have focused on the statistics of overdense regions, such as the halo mass function (Sutter & Ricker 2008; Cui et al. 2012) , the galaxy twopoint correlation function ) and galaxy cluster gas properties (Baldi et al. 2010; . However, in these high-density environments it is difficult to distinguish effects due to coupling from non-linear evolution and complex baryonic physics.
Focusing on underdense regions would appear to be a more natural way to study the void phenomenon. On the theory side, studies have considered the effect of coupling in the dark sector on the void number function (Clampitt et al. 2013 ) and density profile (Spolyar et al. 2013) , and simulations of the effects of fifth forces on void shapes (Li & Zhao 2009; Li et al. 2012) . Observationally, void populations in galaxy surveys can be compared to expectations from simulations (e.g., Muller et al. 2000; Pan et al. 2012) . Most recently, the study of found no evidence for departures from ΛCDM for a population of voids at higher redshift (z ∼ 0.4 − 0.7), but Tavasoli et al. (2013) noted the existence of a large void that appears to be statistically incompatible with predictions of ΛCDM N -body simulations.
This relative inattention to voids themselves can be explained by the relative dearth of voids in observations and the lack of robust void statistical tools that can be used to connect theoretical results to observational reality. However, there have been significant advancements in the past few years, including the release of large public void catalogs (Pan et al. 2012; Sutter et al. 2012 ) from the SDSS galaxy surveys (Abazajian et al. 2009; Ahn et al. 2012) . Secondly, there has been significant efforts to single out especially sensitive void properties and make predictions for the void signals in data (e.g., Lavaux & Wandelt 2010; Biswas et al. 2010; Bos et al. 2012; Jennings et al. 2013; ) The combination of enhanced tools and a statistically meaningful sample of voids means that predictions of the effects of coupled DM-DE within voids can now make direct contact with data.
In this letter we provide an initial assessment of the impact of coupled DM-DE on void statistics such as number functions, ellipticities, and radial density profiles. While this work is similar to that of Li (2011) , we particularly focus on the ability of current low-redshift galaxy surveys such as the SDSS DR7 (Ahn et al. 2012) to distinguish coupled models from ΛCDM with the population of voids identified in their limited volumes and galaxy densities (Pan et al. 2012; Sutter et al. 2012) . We also incorporate the latest theoretical work, such as the recently-described universal density profile (Hamaus et al. 2014; hereafter HSW) , to understand and quantify our results.
In the following section we briefly present the quintessence model, its implementation in simulation, and our method for finding voids. In Section 3 we discuss the effects on void properties, and conclude in Section 4 with comments on the relevancy for current surveys and outline strategies for more complete analyses in the future.
SIMULATIONS & VOID FINDING
Under quintessence the dark energy scalar field φ has the Lagrangian
where φ interacts with the matter field ψm through the mass term of the dark matter particles. In this work we assume the self interaction potential:
where Mp is the Planck mass and V0 and α are two parameters that must be fixed by fitting to observations (Wang et al. 2012; Chiba et al. 2013) . Under this interaction the dark matter particle mass evolves as
This evolution implies that the dark matter particles experience an effective gravitational constant of the form (Baldi et al. 2010) :
where GN is the standard Newtonian value. We will fix the interaction term to be constant such that β(φ) = β0. This leads to a dark matter particle mass that decreases as a function of time to its z = 0 ΛCDM value. For this work, we contrast a ΛCDM case with a single interacting model with parameters V0 = 10 −7 , α = 0.143, and β = 0.099 (hereafter referred to as cDE).
We used the simulations described in and for this analysis. Briefly, these interactions were implemented with a modified version of the Tree-PM code GADGET-2 (Springel 2005), with initial conditions generated using a version of the N-GenIC code suitably modified to account for the interactions. The cosmological parameters used in both ΛCDM and cDE simulations were h = 0.7, n = 0.951, Ω dm = 0.224, Ω b = 0.046, and σ8 = 0.8 (normalized at z = 0) and were constructed to have dark matter power spectra within current observational limits.
These simulations took place in a cubic volume of 250 h −1 Mpc per side using 1024 3 DM amd 1024 3 gas particles. For this analysis we ignore the gas particles and randomly subsampled the z = 0.1 dark matter particles to achieve a mean density ofn = 4 × 10 −3 per cubic h −1 Mpc. This combination of simulation volume, density, and redshift approximates the dim2 volume-limited SDSS galaxy sample used in the void catalog of Sutter et al. (2012) . We subsample the simulations to have identical numbers of particles; this way, both the first order (number density) and second order (correlation function) statistics are identical; we are performing a "controlled experiment" to examine the effects of coupling on voids. Even though this study ignores the effects of galaxy bias, found that bias does not greatly impact void density profiles and abundances. In other words, to examine the impact of DM-DE coupling in a realistic scenario we may ignore galaxy (and halo) bias and work only subsampled dark matter populations.
We identify voids with a heavily modified version of ZOBOV (Neyrinck 2008 ). The modifications are described extensively in Sutter et al. (2014) , and we call this enhanced code VIDE, for Void IDentification and Examination. This approach begins with a Voronoi tessellation of the tracer particles to construct a density field and uses the watershed transform to group Voronoi cells into zones and voids (Platen et al. 2007 ). As in Sutter et al. (2012) , we remove voids smaller than the mean particle separation (6.3 h −1 Mpc) and those with central densities higher than 0.2 the mean particle densityn. Additionally, to limit the growth of voids we set a threshold of 0.2n for joining additional zones into voids (see Neyrinck (2008) for a discussion). If a void consists of only a single zone (as they often do in sparse populations) then this restriction does not apply.
We will take as the center of each void the volumeweighted center, or macrocenter :
where xi and Vi are the positions and Voronoi volumes of each tracer i, respectively. 
RESULTS
While DM-DE coupling will have myriad effects on void properties (Li & Zhao 2009; Li et al. 2012 ), we will focus on three key statistics: abundances, ellipticities, and radial density profiles. These represent especially sensitive probes of alternative cosmologies (e.g., Bos et al. 2012 ) and are well understood in both data and simulations (e.g., . Figure 1 shows the cumulative number function for the ΛCDM and cDE simulations. We immediately note the presence of large voids in the cDE simulation, well beyond the largest voids in the ΛCDM simulation. However, for smaller void sizes (R eff < 20 h −1 Mpc) the two void populations are almost indistinguishable. This makes sense if the DM-DE coupling affects voids by inflating them beyond their typical ΛCDM sizes: since small voids just become medium-scale voids under the influence of cDE, and there is a large reservoir of very small voids, the number functions will be identical until the larger scales, where the greatest ΛCDM voids become even larger with cDE. The total number of voids in both models in nearly the same due to our fixing of σ8 = 0.8 in both models.
In Figure 2 we show one-dimensional radial profiles for all samples in a few selected radius ranges. To compute the profiles, we take all voids in a sample of a given size range (e.g., 30 − 35 h −1 Mpc), align all their macrocenters (Eq. 5, and measure the density in thin spherical shells. We normalize each density profile to the mean number density of the sample and show all profiles as a function of relative radius, R/Rv, where Rv is the median void size in the stack. We only stack voids above 2R eff,min and if there were at least 10 voids in the stack; otherwise there is an insufficient number of particle to build a density profile. These operations are identical to the procedure performed in data (Sutter et al. 2012 ), where we do not know a priori what cosmology we are observing. Thus this is the approach we take when comparing theory to observations. Note that there is an additional stack of the largest voids in the cDE model not available in the ΛCDM case.
The profiles in each stack follow the same overall structure (a deeply-underdense core, a steep wall, an overdense "compensation" shell, and a flattening to the mean density); however, there are some differences between ΛCDM and cDE voids. First, cDE voids appear slightly more underdense for the smallest stacks, although the overall sizes are not significantly different. The greatest discrepancies appear for the larger (> 20 h −1 Mpc) stacks. From 20 to 25 h −1 Mpc, cDE voids have slightly higher compensation shells, but after 25 h −1 Mpc the cDE voids are clearly larger and flatter (i.e., lower density contrast between wall and center).
To quantify and understand these differences, we fit all the profiles to the universal function presented in HSW:
While there are four parameters total in the model, HSW describe a two-parameter reduced model where
β(rs) 17.5(rs/Rv) − 6.5 if rs/Rv < 0.91 −9.8(rs/Rv) + 18.4 if rs/Rv > 0.91.
This two-parameter model describes all but the largest voids very accurately, and is appropriate for the analysis here ). There are two free parameters to this model: rs, the radius at which the profile reaches mean density, and δc, the density in the central core. Figure 3 shows all best-fit values of δc and rs for all stacks in both simulations. We also show in the figure the line between overcompensation and undercompensation as derived in HSW. In the figure, fits to smaller voids are on the left and fits to larger voids are on the right. The fitting parameters elucidate the relationship between DM-DE coupling and profile shape. ΛCDM voids generally maintain a fixed core underdensity as they get larger, but mid-scale cDE voids appear more underdense (as they are presumably emptied out). This causes the higher compensation shells in the 20 − 25 h −1 Mpc stack: the material from these voids has been deposited into the walls surrounding them. The largest voids under cDE get inflated well beyond their ΛCDM counterparts. Indeed, the largest cDE voids in this volume become undercompensated, whereas no ΛCDM voids reach the necessary scales to be undercompensated. For these voids, the entire void structure has been enlarged. This also fits with the dip in the number function at these same scales: small voids are largely unaffected, but medium-scale voids expand to become larger voids.
We also examined ellipticities using the inertia tensor method as described in Bos et al. (2012) and . However, as Bos et al. (2012) discovered, in sparse populations such as galaxies it is very difficult to statistically separate ΛCDM from alternative cosmologies using void shapes. We found no meaningful distinctions in the ellipticities, either globally or as a function of effective radius, of our two void populations. 
CONCLUSIONS
We have examined the effects on voids due to coupling between dark matter and dark energy with realistic galaxy survey volumes and tracer densities and provided an initial assessment of the feasibility of current surveys to detect the coupling with voids. We have found that the coupling produces much larger and underdense voids compared to ΛCDM mostly by inflating medium-scale voids while leaving the smallest voids (and the total number of voids) unaffected. Additionally, we have quantified the effects of coupling on the radial density profiles by finding the best fits to the analytic HSW profile, and found that DM-DE coupling can more easily make voids underdense.
Traditional probes of large-scale structure such as the power spectrum have difficulty differentiating cDE models from ΛCDM (e.g., ), but voids are exceptionally powerful discriminating tools. Even with limited survey volumes and only ∼ 400 total voids the number functions and radial density profiles are distinguishable in a statistically significant manner.
The void population we have studied is fairly representative of -and accessible with -current low-redshift galaxy surveys (Sutter et al. 2012) . These results may explain the large void identified in the analysis of Tavasoli et al. (2013) . In addition, using Halo Occupation Distribution modeling (Berlind & Weinberg 2002) and accounting for survey geometries, was able to match ΛCDM simulations to observed void populations. Thus, coupled DM-DE may already be measurable with current data sets. However, for a complete comparison of the void abundance we must include mask effects ). We also have not included the effects of galaxy bias and distortions to the density profiles from peculiar velocities. However, we can use techniques such as those presented by Pisani et al. (2013) to construct the real-space profile without modeling. We will save a more detailed comparison and measurement of a constraint for future work.
This study is only an initial assessment comparing one cDE model to ΛCDM, using simulations optimized to study the properties of high-density clusters. We also examined other coupling strengths (Eq. 4) but did not find significant differences among the models with this limited void population. We are preparing larger simulations that will allow us to examine the detailed relationship between coupling strength and void properties and assess the ability of highredshift galaxy surveys such as BOSS (Dawson et al. 2013) to probe these cosmologies using voids.
